Mutations at the cytokinin biosynthesis locus (tmr) of Agrobacterium tumefaciens usually result in strains that induce tumors exhibiting the rooty phenotype associated with high auxin-tocytokinin ratios. However, tobacco (Nicotiana tabacum cv Havana 425) leaf disc explants responded to t m f mutant strain A356 by producing rapidly growing, unorganized tumors, indicating that these lines can grow in a cytokinin-independent fashion despite the absence of a functional tmr gene. Severa1 methods have been used to characterize the physiological and cellular basis of this phenotype. The results indicate that tmr-tumors have a physiologically distinct mechanism for cytokinin-independent growth in comparison to tumors induced by wild-type bacteria. l h e cytokinin-independent phenotype of the tmr-transformants appears to be cell autonomous in nature: only the transformed cells and their progeny were capable of cytokinin-independent growth. Specifically, the tmr-tumors did not accumulate cytokinin, and clonal analysis indicated the tmr--transformed cells were not capable of stimulating the growth of neighboring nontransformed cells. Finally, the cytokinin-independent phenotype of the tmr-transformants was shown to be cold sensitive, whereas the wild-type tumors exhibited a cold-resistant cytokinin-independent phenotype. Potential mechanisms for this nove1 form of cytokinin-independent growth, including the role of the dehydrodiconiferyl alcohol glucosides found in both tumor types, are discussed.
The role of auxin and cytokinin in the control of cell division and the mechanisms by which they accomplish this regulation are fundamental problems in plant biology. The observation that these two plant hormones can stimulate continuous cell proliferation in cultured tissues (e.g. Miller et al., 1955) has led to the hypothesis that they are necessary for the control of cell division in general. One experimental approach to test this concept is to examine systems in which defined molecular events lead to continuous cell proliferation in culture in the absence of auxin andlor cytokinin. The development of the crown gall tumor system has been particularly helpful in this context. Following infection by virulent strains of the soil bacterium Agrobucterium tumefaciens, a portion of the tumor-inducing (Ti) plasmid (the T-DNA) of these bacteria is transfened into plant cells, incorporated into ' Financia1 support was provided by a grant from the National * Corresponding author; fax 1-215-898-8780.
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the nuclear DNA, and expressed (for reviews, see Binns and Thomashow, 1988; Zambryski, 1992) . Expression of the T-DNA is responsible for the initiation and maintenance of the tumorous state and for the capacity of the tumors to grow continuously in culture on hormone free-medium.
Three of the T-DNA genes are responsible for the hormone-independent growth that is characteristic of plant tumos. Mutations at two different genes of the T-DNA resulted in strains that induced tumors exhibiting a spontaneous shoot-forming phenotype (Garfinkel et al., 1981) . These genes, fmsl and tms2, encode enzymes that catalyze the synthesis of IAA from Trp through the intermediate indole-3-acetamide (InzC et al., 1984; Schroder et al., 1984; Thomashow et al., 1984 Thomashow et al., , 1986 Kemper et al., 1985) . Strains with mutations in the tmr gene induce tumors that spontaneously form roots (Garfinkel et al., 1981) . The tmr gene encodes a dimethylallylpyrophosphate transferase that converts AMP to i6AMP, a cytokinin (Akiyoshi et al., 1984; Bany et al., 1984; Buchmann et al., 1985) . Together, these hormones are able to stimulate the continuous proliferation of transfonned cells, resulting in tumor formation. It has been assumed that the shoots and roots of the tms and tmr tumors provide auxins and cytokinins, respectively, to the tumors deficient in the T-DNA genes that would encode the synthesis of these hormones, thereby permitting their hormone-independent growth. Other T-DNA genes have also been implicated in tumor morphology and growth. Mutations in the tml gene results in strains that induce larger than normal tumors through an as yet uncharacterized mechanism (Garfinkel et al., 1981; Ream et al., 1983; Spanier et al., 1989; Tinland et al., 1989) . In addition, gene 5 of the T-DNA has been shown to encode an enzyme that can synthesize indole-3-lactate, a putative auxin antagonist, from Trp (Korber et al., 1991 105, 1994 been useful in characterizing the function of these genes, severa1 plant species, and even certain tissues in particular plants, respond to the mutants in a virulent fashion (Binns, 1983 (Binns, , 1984 . For example, Nicotiana glutinosa transformed by the tms-mutants forms rapidly growing unorganized tumors that grow in vitro in the absence of auxin (Binns et al., 1982, 198%) . In some instances these tumors have been shown to produce considerable quantities of IAA (Binns et al., 198%) , whereas in others free IAA levels are not elevated (Campell et al., 1989 ). These results indicate that different mechanisms can cause the auxin-independent phenotype, although the biochemical and molecular bases of these differences are not known.
The experiments reported here concem the cellular and physiological characterization of tumors induced on Nicotiana tabacum L. cv Havana 425 leaf explants by strains of A. tumefaciens carrying pTiA6 with a Tn5 insertion in its tmr gene (Garfinkel et al., 1981) . These tmr-tumors are of particular interest because they grow continuously in vitro on hormone-free medium in an unorganized fashion. We have characterized the cellular composition of the tumors, monitored the levels of specific plant growth substances, and evaluated the cytokinin responsiveness of the tumors. Our results suggest that, in contrast to tumors induced by wildtype A. tumefaciens, the cytokinin-independent phenotype of the tmr-tumors is cell autonomous and apparently not the result of increased levels of cytokinins produced via hostencoded pathways. In addition, these tumors do not exhibit a general increase in cytokinin sensitivity, and their cytokininindependent phenotype is cold sensitive. Possible mechanisms that could account for such a cytokinin-independent phenotype, includlng the role of the nove1 cell divisionpromoting substances, the DCGs, are examined.
MATERIALS AND METHODS

Bacteria and Plants
Nicotiana tabacum L. cv Havana 425 plants were grown under standard greenhouse conditions with light supplementation to maintain a minimum 12-h photoperiod. The genotypes of the Agrobacterium tumefaciens strains used in this study are characterized in Table I . Strains A136, A348, A337, A356, and A357 were originally isolated as independent Tn5 insertion mutations by Garfinkel et al. (1981) and were kindly Ream et al., 1983 supplied by Dr. Eugene Nester (University of Washington, Seattle, WA). Strain A3044 was described by Ream et al. (1983) and was kindly supplied by Dr. Walt Ream (Oregon State University, Corvalis, OR). A11 strains were txltured on MG/L medium (An, 1986) and A337, A356, and A357 were grown in the presence of 50 &mL kanamycin (Sigma). A3044 was grown on MG/L medium in the presence of 50 &mL kanamycin and 50 pg/mL gentamicin (Signa). Single-cell clones were isolated as described previously (Binns et al., 1982) . Briefly, approximately 1 to 2 g of tissue was minced, transferred into 125-mL Erlenmeyer fhsks containing 20 mL of liquid MS medium, and cultured ovemight on a rotary shaker at 135 rpm. The suspended ciills were filtered successively through 542-and 2 5 0 -~m stainless-steel mesh, resulting in a solution containing small clumFs of cells (fewer than five) and single cells. These were concentrated by centrifugation at lOOg, plated at approximately 2 x 104 cells/mL in soft agar (0.45%) MS medium containing 10 PM NAA and 1 p~ kinetin, and grown at 25OC in the dark. After the agar solidified, single cells were identified und1.r a dissecting microscope and the bottom of the plate below the cell was markecl with a circle. Once the colonies had reatzhed 0.5 to 1 mm in diameter they were picked with a sterile needle and transfemed to fresh plates containing MS medium supplemented with 10 ~L M NAA and 1 FM kinetin. The honnone requirement of the resultant clones was assayed by culturing explants from each clone for two successive 4-week transfers on MS or NAA-and kinetin-supplemented MS medium.
Cell lines were named according to the number of each independent transformation (e.g. line number 14 froin a leaf explant transformed by wild-type strain A348 was named A348-14). Cloned lines from these cell lines are denoted by the clone number in parentheses after the cell line designation [e.g. A348-14 (46) is clone number 46 isolated from A348-141. Stock cell lines and clones were grown on MS rnedium and subcultured every 4 weeks. Growth assays were camed out by transferring explants from 3-week-old stock tissues into 60 X 15 mm plastic Petri dishes (Falcon, Lincoln Park, NJ) containing 10 mL of test medium and three explants per plate. These were sealed with parafilm and cultured at 25 or 16OC in the dark, and the fresh weight was measured after 3 and 5 weeks, respectively. Growth is expressed as (W -Wo)/ W,, where W, is the initial fresh weight and W is the final fresh weight.
Physiological Analyses
Auxin Analysis
Three-week-old stock tissues were cut into 25-mg explants and cultured on MS medium for 10 d at 25OC in the dark. The isotope dilution HPLC method for isolation and quantification of IAA, utilizing electrochemical detection, has been reported previously (Black et al., 1986) .
Bioassay for Cytokinins
Tissue (2-3 g) was homogenized in 20 mL of 80% methanol and held at 4OC for 3 h. Filtered homogenate was passed through a Sep-Pak Cls cartridge (Waters, Milford, MA) and the volume was reduced in vamo to 1 mL. This extract was then tested for its ability to promote the cytokinin-induced synthesis of betacyanin pigment in Amaranthus seedlings (Biddington and Thomas, 1973) . Surface-sterilized seeds of Amaranthus cruentus L. were germinated on moist filter paper for 3 d in darkness. Seedlings were then incubated an additional24 h with various concentrations of the cytokinin zeatin riboside (Calbiochem) or extracts from A348 or A356 tumors and Tyr (1 mg/mL) in phosphate buffer (KH2P04, 13.3 mM, pH 6.7) in darkness for 24 h. Water extracts were made from these seedlings and the betacyanin pigment content was measured as the A620 of the extract minus ,4542 to correct for particulates (Biddington and Thomas, 1973) .
DCC Quantitation
DCG A + B quantitation was camed out using modifications of the method of Lynn et al. (1987) . In this modified procedure, 4 to 9 g of 10-to 14-d-old tumor tissues grown on MS medium were homogenized in 2 volumes of 30% (v/v) methanol in H20 at 4OC. Insoluble material was removed by centrifugation at 10,000 rpm. The supematant was concentrated to 2 mL and loaded onto an ODS cartridge (1 x 1 cm, Waters) and washed with 6 mL each of H 2 0 and 50% methanol in H20. The latter fraction was dried in vamo and redissolved in 30% methanol in H20. The DCGs were well resolved from the other impurities by a 20 to 40% methanol gradient using an HPLC Microsorb-MV C8-column (Rainin, Wobum, MA) (flow rate = 1 mL/min, DCG A + B t R = 16.2 min). This peak was quantitated with a dualwavelength UV detector (278 and 254 nm). The identity and purity of the peaks believed to be DCGs A + B were verified by the following four methods: (a) comparing the ratio of AZ78 and A254, which is diagnostic for the DCGs (Lynn et al., 1987) ; (b) coinjecting a known amount of synthetic DCGs A + B (Teutonico et al., 1991) with the sample extract; (c) collecting the fraction off the C8 column and reinjecting it onto a Zobax Si1 (DuPont) HPLC silica column (cyclohexane:CHC13:methanol = 75:15:10 [v/v/v]; flow rate 1 mL/ min; t R of DCG A and DCG B = 9.9 and 10.7 min, respectively); and (d) treating the sample containing the putative DCG A + B with P-glucosidase and determining whether the aglycone DCA was released (Orr and Lynn, 1991) . The recovery of the DCG A + B from tumor tissue was evaluated by adding a known amount of synthetic standard DCG A + B into the extraction mix. In two separate experiments the recovery averaged 85%. The amount of DCGs was corrected for recovery and expressed as the average nmol/g fresh weight from two independent extractions (+SE).
Biochemical Analysis lndoleacetamide Hydrolase Assa ys
Three-week-old stock tissues were cut into 25-mg explants and cultured on MS medium for 10 d at 25OC in the dark. Extracts were prepared and analyzed for AH activity by measuring conversion of indoleacetamide to IAA as previously described (Kuleck et al., 1991) .
0-Clucanase lmmunoblots
Tissue from 3-week-old stock tumor cultures was excised into 25-mg explants and cultured on MS medium or MS medlum supplemented with kinetin for 7 d at 25OC in the dark. Tissue from 3-week-old nontransformed leaf callus grown on MS medium supplemented with 1 PM NAA and 1 ~L M kinetin was cultured on MS medium supplemented with 1 p~ NAA and varying kinetin concentrations for 7 d at 25OC in the dark. Total protein was prepared by freezing tissue in liquid NZ, grinding it to a powder, and suspending it in extraction buffer (1 pL/mg tissue) containing 50 mM Tris-HC1 (pH 6.8) and 10 PM P-mercaptoethanol. Following centrifugation at 4OC, the supematant was used as the protein extract. Total protein in each sample was measured by the Bradford method (Bradford, 1976) . Equal amounts of protein from each sample, and 150 ng of P-1,S-glucanase standard, were loaded onto two 10% polyacrylamide gels and separated by SDS-PAGE (Fling and Gregerson, 1986) . One of the gels was electrotransferred to a nitrocellulose membrane and the second was stained with Coomassie blue to verify that protein loading was equivalent. The membrane was probed with rabbit anti-/3-1,3-glucanse IgG (a gift from F. Meins, Jr., Friedrich-Miescher-Institut, Basel, Switzerland). Alkaline phosphatase-conjugated secondary antibodies against rabbit IgG (Bio-Rad) were used for detection, following the manufacturer's instructions.
Peroxidase Assays
Tissues from different tumor lines grown for approximately 20 d on MS medium were homogenized in 50 mM Tris-HC1 buffer (pH 7.5) and the homogenate was centrifuged at 16,OOOg for 30 min. The supematant was incubated with CA for 20 s at 25OC and the reaction was stopped by the addition of sodium azide. The dimerized product, DCA, was quantified by ODS reverse-phase HPLC (Rainin, CI8; methanol:H20:HOAc = 42:57.5:0.5 [v/v/v]; flow rate, 1 mL/min; t R for CA = 5.8 min, t R for DC A =10.2). The CA dimerization activity was expressed as the average nmol DCA produced per g fresh tissue per second from two independent experiments (±SE).
RESULTS
Cytokinin-Autonomous Growth of fmr~-Transformed Cells
H425 tobacco leaf discs were co-cultivated with strains A136 (no Ti plasmid), A348 (wild-type pTiA6), A337 (tmsl~), A356 (tmr), A357 (tmr), and A3044 (tmr,tml~) of A. tumefaciens and cultured on MS medium. As expected, leaf explants exposed to A136 did not produce any tumors, whereas those transformed by A348 developed characteristic unorganized tumors. The explants transformed by A337 formed "shooty" tumors, and these tumors maintained this phenotype upon subculture (Fig. 1) . The tumors resulting from transformation by A356 produced occasional roots. Unexpectedly, when subcultured on MS medium, tmr~ tumors exhibited the unorganized growth characteristic of lines transformed by wild-type agrobacteria, rather than a "rooty" phenotype ( Fig. 1) . No roots or root primordia were observed in the subcultured tmr~ tumors. Strains A357 and A3044 yielded the same unorganized tumors as A356 (data not shown), indicating that neither the site of the Tn5 insertion in the tmr locus nor the absence of the tml locus had an effect on the tmr~ rumor phenotype. All four types of rumors (wild type, tms~, tmr~, and tmr,tml~) produced octopine (data not shown), indicating that they were expressing the octopine synthase gene of the pTiA6 T-DNA.
Does Excess Auxin Cause the Cytokinin-lndependent
Phenotype?
The tmr~ lines grew rapidly on MS medium and had a friable, almost watery, unorganized phenotype, suggesting an elevated auxin-to-cytokinin rah'o. Therefore, we explored the possibility that auxin, produced as a result of the activities of the tms genes in the transformed cells, was inducing the cytokinin-independent phenotype. Earlier studies have shown that in some cases supplying high levels of exogenous auxin results in cytokinin-independent growth of nontransformed tissues (Fosket and Torrey, 1969) . Since the tmr~- transformed cell lines carry functional tms genes, it was possible that unregulated auxin accumulation caused by the tms loci is responsible for cytokinin-independent growth.
To demonstrate the activity of the tms genes, we measured the activity of the AH enzyme encoded by tmsl and the free IAA concentrations of tmr~ and wild-type lines. The results of these experiments (Table II) show that both AH activity and IAA levels are similar in the mutant and wild-type lines. The AH activity in the lines confirms that they carry active T-DNA and the IAA levels are typical of what we and others have found in earlier work on various tumor lines (Akiyoshi et al., 1983; Campell et al., 1989; Kuleck et al., 1991) .
Next, leaf explants were cultured on medium containing high concentrations (10 ^M) of the synthetic auxin NAA. These explants did not induce tumors, although prolific root formation was observed (data not shown). Moreover, nontransformed leaf cultures, derived from leaf explants grown on auxin-and cytokinin-containing medium, were not capable of growing on medium containing only auxin (data not shown). These results confirm the observations of Meins and Lutz (1979) demonstrating that auxin and cytokinin treatment of tobacco leaf tissues does not induce the cytokinin-independent phenotype. Thus, the cytokinin-independent growth in fmr~-transformed tobacco leaf explants is specifically induced by the T-DNA and is not the result of abnormally high activity of the tms genes in the tmr~ tumors or a typical response to high levels of exogenous auxin.
tmr~ Lines Do Not Contain High Levels of Active Cytokinins
One explanation for the cytokinin-independent growth observed in the tmr~ lines was that cytokinins were being produced by a plant-encoded pathway. To test this possibility, tmr~ and wild-type rumors were analyzed for cytokinins using the Amaranthus betacyanin induction cytokinin bioassay (Biddington and Thomas, 1973) . Extracts from wild-type rumors induced pigment accumulation in Amaranthus seedlings in amounts corresponding to typical cytokinin concentrations reported for wild-type tobacco tumors (Akiyoshi et al., 1983) , whereas extracts from fmr~-transformed cells had nearly undetectable amounts of cytokinin, inducing little or no detectable pigment synthesis (Table III) . We also tested for the presence of inhibitors of pigment synthesis in the tmrextracts by mixing extract with known amounts of zeatin riboside. No differences were found in betacyanin accumulation in Amaranthus seedlings grown on cytokinin standards or the same standards plus tmr-extract (data not shown).
The results of these experiments indicate that tmr--transformed cells contain, at most, concentrations of cytokinin that are 2 orders of magnitude below the levels observed in wildtype tumors.
tmr-Lines Do Not Produce Diffusible Cell-Division
Factors
If low levels of cytokinins or other diffusible or secreted factors, in addition to the auxin shown to be present (Table  11) , are critica1 in stimulating growth in tmr-tumors, then tmr-tumor tissue that is nonclonal in origin should support the growth of neighboring nontransformed cells. Clonal analysis to test this was carried out by isolating and cloning single cells under nonselective conditions, i.e. in the presence of exogenous auxin and cytokinin, from leaf explant tumors grown for one transfer on hormone-free medium. The hormone independence of the resultant clones was characterized by growing them for two successive transfers on MS medium or MS medium supplemented with auxin and cytokinin. After a single transfer on homone-free medium the tmr-and tmr-,tml-lines yielded 96 and 100% hormone-independent clones, respectively . In contrast, wild-type tumors maintained a large percentage of hormone-requiring cells after subculture, yielding only 15% hormone-independent clones (Table  IV) . Thus, wild-type tumors are capable of cross-feedir,g nontransformed cells, as expected, since they synthesize and accumulate both auxin and cytokinin. The fact that the tmrand tmr-,tml-tumors were almost completely composed of transformed cells indicates that they did not synthesize a diffusible factor that could function as a cytokinin and, along with the auxin known to be present, stimulate growth of the nontransformed hormone-requiring cells. Rather, it appears that the cytokinin-independent growth in tmr-transformants may be caused by activation of a cell-autonomous process. Total 20/136 (1 5%) a Clones were derived from tumor tissue after subculture of the primary tumor tissue for 4 weeks on hormone-free medium. Hormone-independent clones were defined as those that grew continuously for two 4-week subcultures on hormone-free medium.
t m i Lines Show Normal Cytokinin Sensitivity for a Cytokinin-Mediated Nongrowth Response
One type of change that could result in cell-autonomous cytokinin-independent growth could be an alteration in cytokinin sensitivity in the tmr-lines, allowing them but not the nontransformed cells to respond to low levels of cytokinin. If cytokinin sensitivity is altered, other cytokininmediated responses in addition to growth may also be af- fected. /3-1,3-Glucanase, an enzyme involved in plant defense responses, accumulates in nontransformed tobacco cultured on hormone-free medium, but its accumulation is suppressed in the presence of exogenously supplied auxin and cytokinin (Eichholz et al., 1983; Mohnen et al., 1985) . Wild-type tumors, which accumulate both auxin and cytokinins, accumulate only low levels of /3-1,3-glucanase (Eichholz et al., 1983) . If tmf~ lines have increased cytokinin sensitivity, it would be predicted that /?-l,3-glucanase levels in tmr~ tumors grown on hormone-free medium would be similar to those in wild-type tumors, since both contain similar, high concentrations of IAA (see above). To test this possibility, the levels of /3-1,3-glucanase in wild-type or tmr~ tumors grown in the presence or absence of cytokinin were estimated using immunoblot procedures. As expected, wild-type tumors grown on MS medium had low levels of the enzyme and did not respond to added kinetin (Fig. 2) . In contrast, tmr~ clones accumulated high levels of /3-1,3-glucanase when grown on MS medium, whereas the enzyme accumulation was suppressed when exogenous kinetin was added to the culture medium (Fig. 2) . We also compared the effect of exogenous cytokinin on /3-1,3-glucanase levels in tmr~ lines and nontransformed tobacco leaf callus. The results were virtually identical, with abundant /3-1,3-glucanase when these tissues were cultured in the absence of kinetin and a depression of its levels in both cell types when they were exposed to 2lO" 8 M kinetin (data not shown). These results indicate that the presence of the tmr" T-DNA insertion does not affect the general cytokinin sensitivity of the transformed cells. cytokinin overaccumulation or increased cytokinin sensitivity. One possibility is that another signaling activity can replace cytokinin to control cell division. Candidates for this role include the DCGs. These have been shown to be capable of replacing cytokinin to promote cell division in tobacco tissue, but not to have other cytokinin activities (Teutonico et al., 1991) . We analyzed wild-type and tmr~ lines for these compounds and found that they were present in both tumor types ( Fig. 3 ; Table V ). The identity of the C8 HPLC peak with a t R of 16.5 min as DCG A + B was confirmed by several criteria (see 'Materials and Methods"), including co-injection with DCG A + B standard (Fig. 3A) as well as collection and treatment of the peak to release the aglycone DCA (Fig. 3B) . The DCG levels observed in both the wild-type and tmrt umors were similar to those found in nontransformed tobacco tissues stimulated to grow by auxin and cytokinin and were approximately 100-fold higher than the DCG levels of quiescent tissues (Binns et al., 1987a; Teutonico et al., 1991) . The peroxidase involved in the biosynthesis of the DCGs catalyzes dimerization of CA to DCA, which is then glycosylated to yield the DCGs (Orr and Lynn, 1991) . This peroxidase has been isolated and partially purified from tmrã nd wild-type tumors and has been shown to rapidly and preferentially dimerize CA to DCA. Table V shows CA dimerization activity in crude enzyme preparations from several cloned wild-type and tmr~ lines. Thus, both the tmf~ and wild-type tumor lines contained not only high levels of the DCGs but also a peroxidase that can take part in their biosynthesis. 
Cold-Sensitive Expression of the Cytokinin-lndependent Phenotype
Previous studies demonstrated that freshly induced, cytokinin-habituated tobacco lines lose the ability to grow in the absence of cytokinin at temperatures below 16OC and that the cytokinin sensitivity of cytokinin-requiring lines is not affected by low temperature (Binns and Meins, 1979) . We carried out temperature-sensitivity experiments on freshly isolated tmr-cell lines and found that they did not grow at 16OC unless supplied with exogenous cytokinin, whereas the wild-type tumors exhibited a cold-resistant cytokinin-independent phenotype (Fig. 4) . Clones from three other independently transformed tmr-cell lines also showed that this cold-sensitive phenotype and two other wild-type tumor clones were cold resistant (data not shown). Supplementing the medium with NAA at concentrations up to 10 PM did not overcome the cold sensitivity (data not shown), indicating that the response is not due to cold temperature effects on auxin availability. The observation that wild-type tumors, which are known to produce cytokinins, are cold resistant further supports the hypothesis that the physiological mechanism responsible for cytokinin-independent growth in the tmr--transformed lines differs significantly from that in wildtype tumors. 
DlSCUSSlON
The results presented in this paper demonstrate that transformation of N. tabacum L. cv Havana 425 leaf explants by strains of A. tumefaciens canying a Tn5 insertion in the tmr gene of pTiA6 results in unorganized tumors that grow rapidly in vitro in the absence of exogenously supplied auxin and cytokinin. The auxin independence of these tumors was expected given the fact that the T-DNA encodes the enzymes necessary for auxin biosynthesis. Our results confirmed this, demonstrating that the indole-3-acetamide hydrolase activity of tms2 in the tmr-tumors, as well as levels of IAA, were comparable to those in wild-type tumors. In contrast, the unorganized, cytokinin-independent growth of tmr-tumors derived from leaf explants was unexpected, given the wellknown stability of the cytokinin-requiring state of these tissues (Meins and Lutz, 1979) and the absence of roots that would be expected to produce and supply cytokinin to the tumors (McGaw, 1987) .
The activities of the tmr-T-DNA induce a cytokininindependent phenotype in tobacco leaf explants that has not been inducible by standard tissue-culture manipulations. The molecular basis underlying the induction of this phenotype is not known. We are currently reconstructing the auxin loci independent of other T-DNA genes to determine whether they alone can induce this phenotype or whether other open reading frames of the pTiA6 T-DNA are necessary. The tmr-,tml-double mutant A3044 (Ream et al., 1983) induced tumors indistinguishable from the tmr-tumors, demonstrating that tml is not required for the induction of cytokinin independence. tmr-mutants of pTiT37 do not induce this phenotype in tobacco stem explant tissues (Binns, 1983) .
Differences between the control of tms activity of pTiT37 and pTiA6 T-DNAs (Binns, 1983; Black et al., 1986; Kuleck et al., 1991) or other T-DNA genes may account for this. Walden et al. (1993) have shown that overexpression of the rolC gene of the Agrobacterium rhizogenes T-DNA in tobacco plants results in leaf protoplasts that require auxin but not cytokinin for colony formation and continuous growth in culture. However, there is no homology between the rolC gene and any of the T-DNA genes of A. tumefaciens (Zambryski et al., 1989) . (Binns et al., 1982; Van Slogteren et al., 1983) of wild-type tumors that contained predominantly nontransformed, hormonerequiring cells. These results indicated that the tmr--transformed cells were not producing diffusible factors that could act as cytokinins. This suggestion is supported by the cytokinin bioassay analysis, which indicated that the wild-type tumors contained high levels of cytokinins and the tmr-lines did not. These results do not rule out the possibility that extremely low levels of cytokinin are produced and are involved in the cytokinin-independent growth of the tmr-
One obvious mechanism for the acquisition of a cellautonomous cytokinin-independent phenotype would be the constitutive activation of, or "sensitization" of, cytokinin receptors in the transformed cells, resulting in increased cytokinin sensitivity. In such a case only the transformed cells would be capable of growing at low cytokinin concentrations, resulting in their selective growth. We characterized the cytokinin responsiveness of the tumors reported here by monitoring the levels of ~-1,3-glucanase produced by them under varying culture conditions. This p-glucanase gene is controlled by several factors, including auxin and cytokinin, which together repress its expression in cultured tobacco tissues (Mohnen et al., 1985) . Wild-type tumors producing both of these hormones would be predicted to have low levels of the enzyme, and both the published results (Eichholz et al., 1983) and those presented here indicate that this is the case. A general increase in cytokinin sensitivity of the tmrtumors in combination with the high levels of auxin shown to be present would be expected to result in similar low levels of the enzyme. This was not the case, and, moreover, the tmr-tumors responded to cytokinin by repressing P-glucanase accumulation, indicating that they were still cytokinin responsive. Our results showed that there was no general increase in cytokinin sensitivity in the tmr-tumors. However, given the fact that to date there has been no clear demonstration of a cytokinin receptor or receptors, it is possible that a cytokinin receptor specific for the cell division-promoting activities has been activated.
tokinin-independent phenotype of the tmr-tumors was cold sensitive, whereas the wild-type tumors were cold resistant.
These tmr-tissues did not grow at 16OC unless provided with an exogenous supply of cytokinin, in contrast with the wildtype tumors, which were cytokinin independent at this temperature. The cold-sensitive phenotype of the tmr-tumors is similar to that observed in freshly induced cytokinin-habituated pith tissues from the Havana 425 cultivar of tobacco (Binns and Meins, 1979) . That study also indicated that the Perhaps the most intriguing observation was that the cy-' cytokinin dose response of cytokinin-requiring cells is not altered by the cold temperature. Thus, the cold-sensitive cytokinin-independent phenotype is not an abncrmal or unusual characteristic but, rather, appears to be part of the developmental competence of these cells. Here, the insertion and expression of the T-DNA appears to induce the coldsensitive cytokinin-independent phenotype. Interestingly, neither the tmr-lines studied here nor the ccdd-sensitive cytokinin-habituated pith tissues (Hansen et al., 1987) contained detectable cytokinin.
These results lead us to suggest that the cytcikinin-independent phenotype of tmr-tumors results from the activation of a regulatory step that is off the direct pathway of cytokininregulated cell division. A schematic drawing of this is provided in Figure 5 . This model suggests that thc, cytokininindependent phenotype observed in the tmr-turnors results from thi. activation of some regulatory functica that can affect pIocesses also regulated by cytokinin, po!;sibly DCG production. A similar model has been proposed by Cooper and Long (1994) , who suggest that the cell divisicn-stimulating nodulation factors produced by Rhizobium niay share a common step with the cell-cycle control mechanisin regulated by cytokinins. In our case, the cold-sensitive step is hypothesized to be a component of this pathway that lies outside the cytoldnin-regulatory steps, because (a) wild-type, cytokinin-producing tumors do not exhibit the co1 d-sensitive phenotype and (b) the cytokinin requirement o1 nontransformed cells is not affected by 16OC treatment (Binns and Meins, 1979) . Based on the clonal analysis of t r w tumors (Table IV) , a11 steps along this "alternate" pathwiiy must be cell autonomous. The fact that the DCGs are present in these tissues at high concentrations demonstrates that these molecules cannot be involved as intercellular signals, but rather could be involved only intracellularly. This concI2pt is supported by the results of Orr and Lynn (1991) , who demonstrated that DCG-synthesizing tissues fed radiolabeled precursors would accumulate radiolabeled DCGs inhacellularly but not extracellularly. The observation that the IXGs may be involved in the cell-autonomous control of cdl-division activation could also explain the rather weak (compared to cytokinin) growth response exhibited by cytokinirk-requiring tissues supplied with exogenous DCG (Teutonico eí al., 199 1). Of course, the conclusive characterization of DCGs as critical components in any regulatory scheme awaits thtb develop- 
